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RESEARCH MEMORANDUM

PRELIMINARY RESULTS OF SUPERSONIC-JET TESTS OF
SIMFLIFIED WING STRUCTURES

By Richard R. Heldenfels and Richard Rosecrans
SUMMARY

Seven small multiweb wing structures were tested under similated
supersonic flight conditions to investigate the structurael effects of
serodynamic heating. Three models experienced chordwise flutter and
failure; the other four incorporated structural modifications that pre-
vented flutter. The tests are discussed and the conclusion is reached
that the models failed as a result of the combined action of aerodynamic
heating and loading.

INTRODUCTION

As part of an investigation of the effects of aerodynamic heating
on aircraft structures, the langley Structures Research Division is
testing multiweb wing structures under serodynemic conditions similar to
those encountered in supersonic flight. The first such test was mede to
obtain date on the temperature distribution in a small multiwedb wing
structure; however, the sercdynamic loads pleyed an imporitant and unantic-
ipated role in that the model experilenced a dynamlc failure near the end
of the test. Additionsl tests have been made to gather informstion on
the nature and causes of failure and to investigate some design changes
that might prevent failure., In this paper the tests conducted to date
are described and the results sre presented with the aid of diagrams,
photogrephs, and observations based on motion-plicture studies. The
probable causes of the fallures obtained are also indicated.

TEST CONDITIONS

An NACA facility at the Pilotless Aircraft Research Station on
Wallope Islend, Va. was used for these tests. This facility is a blow-
down jet that incorporstes & heat accumulator for stagnation-temperature
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control. The models are placed in the free Jet at the exit of a Mach
number 2, 27- by 27-inch nozzle. During a typical test, the sgtream
statlc pressure is maintained at about one atmosphere and the free-
stream temperature at about 75° F. The corresponding stagnation temper-
ature of 500° F provides a temperature potential of 425° that is availa-
ble to heat the model. These conditions can be maintained in the Jet
for about 9 seconds followlng a 2-second gtarting period. An additional
3 seconds are required to shut down the jet, sc that the total elapsed
time is 14 seconds per test.

If the model 1s essumed to be a full-scale structure, the test then
accurately reproduces both the aercdynamic heating and loading that would
be experienced during a short flight at Mach number 2 at sea level on a
warm dey, a rather severe conditlon. If, however, the model 1is assumed
to be only a quarter-scale structure, the test then reproduces the heating
experienced by a full-scale airplane flying et Mach number 2 at 40,000 feet

for about 2% minutes. The local air pressures, however, do not follow

the same similarity lews as the heating and would be exaggerated by a
factor of four on the quarter-scale model. (Some nondimensional param-
eters that esteblish similarity conditions for this type of testing are
discussed in the appendix.)

RESULTS

Model Mw-1

The test of model MW-1 is discussed in reference 1; however, the
test 1s reviewed herein so that the rather startling results can be
interpreted in view of more recent tests.

The model chosen for the firgt test was a somewhat ideallzed sec-
tion of an untapered multiweb wing as shown in figure 1. The ajirfoll
section was a 5~percent-thick symmetricel circular arc and the model was
constructed of 24S-T3 aluminum alloy except for the bulkheads and mounting
fixtures which were of steel. The model was mounted vertically in the
jet at an angle of attack of O° with its leading edge Jjust downstream of
the nozzle exit plane. The model extended completely through the Jet
with about 2/3 of the span in the airstresm.

After the Jet started, the model remained stationery for epproxi-
mately T%-seconds; then, a vibratory motion started and the model was

soon destroyed. About l% secondsg elepsed between the flrst sign of dis-

tress and the first failure, an additional second being required for the
progresgive destruction of the model.
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Motion plctures of the test showed that the first sign of distress
was skin buckling near the leading edge. The buckles appeared and dis-~
appeared rapidly, moving toward the trailing edge. A buckle then settled
in the most rearward skin penel. This panel tore out along rivet lines,

the trailing edge piece blew away and progressive disintegration followed
until destruction was completed.

A study of this failure indicates that the rapid heating of the
model must have been the primary cause of failure or the model would
have shown some sign of dilstress earller in the test. When the test
started, the model was at 50° F, but eight seconds later the skin near
the leading edge had reached 332° while parts of the internal structure
had risen to only 80°. The temperature distribution in this model is
discussed in more deteil in references 1 and 2. For the present purpose,
1t is sufficient to know that the model temperatures lncreased st a
rapid rate and varied greatly throughout the model.

The principal structural effect of this rapid, nonuniform heating
was that substantial thermal stresses were induced in the model, including
compresgsive stresses in the chordwise direction sufficient to buckle the
skin. These particular stresses result from the restraint provided by
the bulkheads located outside the jet. The buckled model skin apparently
created an unstable aeroelastic condition that resulted in some form of
localized flutter. TInitially, it was thought that panel flutter may have
caused the failure, but the availsble data on panel flutter and subse-
quent tests of similer models iIndicate that the phenomenon observed in
this test was not the form of panel flutter discussed in reference 3,
but a more complex type of flutter.

Model MW-2

The test of Model MW-1 ylelded very little data on the failure and
in itself was not conclusive because of certaln peculiaritles of the
model and its supports. Addltional tests were conducted with smaller
models like that showm in Tigures 2 and 3. These models represented
emall wings of 20-inch chord and span and extended Into the jet from a
support somewhat representative of the side of a fuselage, passing
through a plate parallel to and Just inside the lower Jjet boundary
The models lacked seven inches of spanning the Jet. A1l models hac
5-percent-thick, symmetrical circular-arc alrfoil sections.

The table presented as figure 4 lists some significaent dimensions
of the various models tested. The model numbers are listed in the first
column. The other columms give the material, the skin thickness +tg,

the thickness of the internal spanwise webs . ty, the thickness of internal

chordwise ribs 1tR, if any, and finslly the thickness of the tip bulk-
head tB, all dimensions being in inches. Thus, the second model was
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constructed of 24S8-T3 aluminum alloy and it had a skin thickness of
0.064 inch. The internal webs were 0.025 inch thick, and no intermal
ribs were used, but a 0.25-inch bulkhead was placed at the tip.

The second model (MW-2) was essentiaslly & half-size version of the
first model, although some of the construction detells were changed.
Thie model was tested in the same manner as model MW-1l, and although its
thinner skin heated faster, it survived longer. The first evidence of
distress was buckling of the most rearward skin panel about 10 seconds
after the test started. The tip of the trailing edge separated about

l% seconds later and guccessive pleces were peeling off when the air

supply was exhausted 14 seconds after the test started. If the jet had
continued to run, the model probably would have been completely destroyed.

In the motion pictures of the test, the skin buckle, near the tip
and Just forwerd of the trailing-edge member, seemed stationary, but
close study revealed a definite suggestion of vibration. The game
seguence of events wes observed in both side views of the model, that
is, skin buckling, vibratilon, and successive disintegration. The top
view, however, showed that the model was fluttering prior to failure
and that the initial fracture included a part of the tip bulkhead. The
flutter continued as the model broke up. The vibrations were particu-
larly severe while the jet wes shutting down, but this latter action is
a characteristic of the Jet and 1s not associated with the heating or
failure of the model.

Figure 5 shows model MW-2 as 1t appeared after the test. The extent
of the failure and the manrer in which the model was mounted in front of
the nozzle exit can be seen. The two masts downstream of the model were
used to support stagnetion temperature probes which were broken off by
fragments of the model.

The failure of this second model was fundementally the same as that
of the first in that skin buckling induced the model to flutter and then
fail. Certain differences were evidenced in the shape of the buckle
egnd the longer time required to induce fallure. These differences can
be explained in part by the chenge in detall design, particularly in the
tip region, and the resulting changes in the thermal stress distribution.

The skin of this model was heated very rapidly, a point near the
leading edge rising from 74° F to 400° F in 10 seconds, at which time
the skin temperature wase beginning to stabilize although some of the
webs had risen to only 2400 F. This temperature distribution induced
thermal stresses In the model, particulerly compressive stresses in the
hot skin. Differential expansion between the skin and webs caused com-
pression in the spanwise direction, whereas the restraint offered by the
tip and root ribs created compression in the chordwise direction. Approxi-
mate calculations and the recorded strains indicated that these two types
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of stresses were of about the same order of magnitude, sround 6000 psi.
The chordwise stresses were the more important, however, because the
stresses in this direction were of the same order of magnitude as the
critical chordwlse compressive stress. This critical stress was only
1/4 of the critical stress in the spanwise direction because of the long
narrow skin panels. The concentration of the buckling near the tip indi-
cates that the tip rib was a major factor, an observation further sup-
ported by the fact that the initisl fracture was apparently a tension
failure of the tip rib at a section weakened by several rivet holes.

The strain-gage data collected during this test provided some approxi-
mate values of the static thermal stresses, as mentloned before, but these
data are not very reliable beczuse of large temperature effects on the
strain gages. These data shed additionsl light on the failure, however,
in that they give the frequency and phesing of vibrations of some parts
of the model. At the time of failure, the model was fluttering at sbout
230 cycles per second. The model dld not experience flutter of the indi-
vidual panels, but a chordwise mode in which the alrfoil section vibrated

with about l%-waves elong the chord and with the maximum amplitude in the

vicinity of the trailing edge. Thus, the motlon pictures of the test
show this flutter as a "tail-wagging' action.

The results of this test indicate that the immediate cause of fallure,
chordwise flutter, waes induced by thermal buckling of the model skin. If
this analysis is correct, then, both flutter and the resulting failure
should not occur if buckling is prevented. Structural changes that may
prevent buckling are en increase in skin thickness, a reduction in the
stiffness of the tip rib, or the addition of transverse ribs. Each of
these changes hag been incorporated in a test model. Changes in the root
connection have not yet been investigated because the test of model MW-2
indicated that the buckling occurred in the tip region.

Model MW-3

Model MW-3 was nearly identilcsal to model MW-2, &5 shown in figures 2
and 4, except for the skin thickness which was increased from 0.06L4 to
0.081 inch. This change not only increased the critical stress of the
skin but also decreased the thermsl stresses induced during the test.
This model showed no signs of distress when tested at zero angle of
attack. The 27-percent increase in gkin thickness was thus sufficient
to prevent buckling and faillure. This model was also tested at angles
of attack of 1.5° and 3° and survived both wilthout difficulty. In the
final test at an angle of attack of 5°, however, the model failed stati-
cally. This failure was expected since the calculated aerodynemic loads
were sbout 1000 pounds per square foot, enough to cause compressive
buckling of the skin near the root.
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The motion pictures of the final test of model MW-3 showed that the
medel vibrated durilng the starting period, stabllized as soon as super-
gonic flow was established, and then fell over when the dynamlc pressure
reached the prescribed test value. (The vibrations, experienced by this
and other models whenever the jet starts or stops, occur while a normsl
shock 1s Inside the nozzle. They have a random variation of amplitude
and are prirncipally bending oscillations, although a few small torsional
oscillations also occur.)

Model MW-L

Model MW-i was similar to model MW-2 except for a change in the tip
bulkhead, a light bulkhead 0.025 inch thick being used instead of the
0.25-inch bulkhead on model MW-2. This change was expected to reduce
the thermal stresses In the tip region and prevent skin buckling. This
model showed no particular evidence of buckling during the test, but it
went into a chordwlse flutter mode about 5 seconds after the jet started.

The movies of this test showed the ususl Initlal model vibrations
associated with Jet starting. The model then remained stationary until
a hint of trouble occurred, after which it was suddenly torn off at the
root. High-speed motion pilctures teken at 650 frames per second, how-

ever, clearly show the chordwise flutter mode of sbout l% waves along

the chord. The flutter Increased in severity until the airfoil section
became greatly distorted. The model then began to bend and a fracture
started at the leading edge near the root. This fracture gulckly pro-
ceeded to the trailing edge, severing the model from the supporting
structure. Less than 1/2 second elapsed between the inception of
flutter and the feilure of the model.

The chordwise flutter mode of about lé-waves along the chord can

be seen in figure 6 which presents two consecutive frames from the
650-frames-~per-second motion picture. The model, which was painted

with a grid to aid observation, is viewed from above and to one side;

the air flowed from left to right. At the time these plctures were made,
the flutter haed become severe and the model was completely separated
from the supporting structure 12 frames later.

The anslysis of this test has not yet been completed, but the pre-
liminary results show that model MW-4 was fluttering at 240 cycles per
second, about the same frequency as model MW-2. The amplitudes were
larger on model MW-U, however, because the light tip bulkhead offered
very little resistance to chordwise distortion. The large reduction in
the stiffness of the tip bulkhead was thus completely ineffective in
preventing fallure since the fallure occurred sooner and more violently.
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Nevertheless, the lack of skin buckling indicates that the use of a
light tip bulkhead did reduce the chordwise thermal stresses induced in
the model.

In the case of models MW-1 and MW-2 it was concluded that flutter
was incited by skin buckling, but in the case of model MW-L flutter was
obtained without obvious buckling of the model skin. A change in the
effective stiffnesses (and thus in natural frequencies) of a model may
incite flutter. Skin buckling of models MW-1 and MW-2 made an obvious
change in the effective stiffness; whereas in model MW-I a more subtle
stiffness change must have taken place because of the spanwise thermal
stresses Induced in the model; especlally the compressive stresses in
the skin. Model MW-I was particularly susceptible to a critical stiff-
ness change because of its low initlal chordwise stiffness.

Models MW-5 snd MW-6

Models MW-5 and MW-6 incorporated chordwise ribs as shown in fig-
ures 3 and 4. These ribs were the same distance apart as the webs,
forming square skin panels, so that the critical stress in the chord-
wise direction was raised to a safe value. Model MW-5 was similar to
model MW-2 except for the ribs, whereas model MW-6 had a thinner skin,
with a thickness of 0.050 inch instead of 0.064 inch. The thinner skin
should lead to higher thermsl stresses and lower critical vslues; how-
ever, the stresses should still not exceed the critical. Each model was
tested at an angle of attack of 0O° and survived the test in good condition.

In addition to preventing thermal buckling of the sgkin, the use
of internal ribs further discourages chordwise flutter because of the
extra stiffness provided. Some of the natural modes of vibration of
models MW-i to MW-7 were determined experimentally and those without
internal ribs experienced modes Involving cross-sectional distortion at
much lower freguencies than those with ribs. All models had first bending
and torsional natural frequencies at sbout 60 and 145 cycles per second,
respectively. The second bending frequency of the ribbed models (295 cps)
was easily.determined, but it wes not found for the ribless ones because
of the more predominant modes (at 265 and 380 cps) involving cross-
sectional distortion.

Model MW-T7

The last model (model MW-T7) to be discussed was similer to model MW-2
but the material was changed, mild steel being used instead of aluminum
alloy. The change in material was accompanied by a reduction 1in skin and
web thicknesses such that the critical compressive stress of model MW-T
was gbout the same as that of model MW-2. The thicknesses of steel used
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were 0.043 inch for the skin and 0.018 inch for the webs. Thus, model MW-7
weighed over twilice as much as model MW-2 but had only slightly more static
strength. The changes should have resulted in high thermal stressges in
meodel MW-T7, so that the skin was expected to buckle and initiste chord-
wise flutter of the mpdel. Model MW-T did not react as expected, how-
ever, and survived the test in good condition. Nevertheless, there was
some slight evidence of surfazce distortlon at the end of the test.

Analyeis of this test is as yet Incomplete and the preliminsry resultis

have falled to revesl the conditions that prevented thermal buckling;
however, the change of materiel was, without doubt, an Important factor.

CONCLUDING REMARKS

In conclusion, seven small multiweb wing structures have been tested
under similated supersonic flight conditions. Models MW-1, MW-2, and
MW-i4 failed dynamically as e result of chordwlse flutter. This flutter
wag incited apparently by a reductiorn in the effective stiffnesses (and
thus natural frequencies) of the model due to thermal stresses and dis-
tortions that were, in turn, induced by serodynamic heating. These three
models were baslcally alike but incorporated different tip bulkhesads.

The characteristics of the fallure were affected by the changes in chord-
wise stiffness, with model MW-4 (the one with the lightest tip bulkhesad)
experiencing the most violent flutter. The other models were similar to
model MW-2 but incorporated structural modifications that prevented
flutter. Thus the thicker skin of model MW-3%, the internal ribs of
model MW-5, and the steel material used in model MW-T were each effec-
tive. The internal ribs were not only effective in preventing flutter
of model MW-5, which had the same skin thickness as model MW-2, but they
also prevented flutter of model MW-6 which had even thinner skin. From
the weight standpoint, the use of internsl ribs was the most efficlent
method of preventing flutter of the particulsr configuration investi-
gated. On the other hand, the conversion to steel resulted in a two-
fold increase 1n the weight of that part of the structure exposed to the
Jet. The use of internal ribse, however, may not be the most efficient
method of preventing chordwlse flutter of other multiweb wing designs.
It is alsoc well to point out that all these tests were of very brief
duration and that the models were still experiencing transient heating
when the air supply waes exhausted; thus, they msy not have survived a
longer test.

Research on the structural problems associated with transient asero-
dynsmic hesting is still in its early stages, but the implications of
the tests described here are clear. The effects of serodynamic heating
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and loading on aircraft structures must be congidered &s & single, com-
bined problem, or factors which vitally affect the structural integrilty
of en aircraft mgy be overlooked.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronsutics,
Langley Field, Va., May 15, 1953.
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APPENDIX

SOME SIMITARTITY PARAMETERS APPLICABLE TO SUPERSONIC

JET TESTS OF STRUCTURAL MODELS

The results of the tests descrilbed in this paper may be applied
dlrectly to the design of aircraft and migsile structures 1f certain
similarity conditions are satisfled. Some of the nondimensicnal parsm-
eters that establish similarity of strains, temperatures, aerodynamic
heating, and aerodynamic loadling have been derived by dimensional analysis
with the regults given in this sppendix. The equations show the require-
ments for true similarity but fail to indicate the relative importance
of the various parameters or how test results are effected by deviations
from simllerity.

Only a few pertinent quantities have been included in this anslysis,
many others could be used but have been omitted for brevity. The analysis
has been further simplified by assuming that the model is tested In air
and i1s geometrically similar to and made of the same material as the
full-scale structure, conditions usually required for structural tests.

A 1ist of symbols 1s given at the end of this appendix.

Equations

Functional relationships between the nondimensionsl parameters that
apply to each of the phenomena being considered are expressed by the
following equations:

Strain distribution in the structure:
wi
€ = f(aBTI, %; _E—) (Al)

Temperature distribution in the structure:

T1 kgt hn1
T fG" ) =y — (a2)
AW AW ewi? kg
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Aerodynsmic heatling of the structure:

Bt - f(%, e, g’) (a3)
Aerodynamic loads on the structure:
2= f(cz, _pV_Z’ K) (k)
oV e
Discussion

Examination of the equations (Al) to (Ak) shows that for these
tests, as for any type of model test involving different physical phenom-
ena, many requlirements sre contradictory so that complete similarity can
be attained only under full-scale conditions. TIn this paper, the struc-
tural effects of aerodynamic heating are of primary interest; therefore,
the equations will be examined with respect to similerity of structural
strains due to changes in the temperature distribution.

Equation (Al) indicates that the temperature distribution in the
structure should be the same in the model as in the full-scale structure
if the straines are to be similar. To achieve the required temperature
distribution, then, the temperature of the airstream and the Fourier
and Biot numbers for the structure should be the same (equation (A2)).
The Fourier number relates the time scale of the model to full-scale
conditions, thus . -

a

ty = Pty (a5)
where n 1s a scale factor so deflned that

The Biot number of the structure will be the same if the Nusselt number
of the airstream is the same for both model and full-scale conditions.
This requirement is met if the temperature of the air and the Reynolds
and Mach numbers, glven in equation (A3), are maintained, that is,
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VM = Vg (A7)
Py = % PF (a8)

The requirement on density, equation (A8), can be converted to pressure
by using the equation of state, with the following results

Py = & PF (A9)

The sbove relations (equations (A5) to (A9)) esteblish similarity
of temperature distributlon and the associated strains. The maintenance
of Reynolds and Mach numbers also provides similarity, on a nondimensional
basis, of the aerodynamic loads, equation (A4). The structural strains
produced by these loads will not, however, be gimilar in model arnd full-
scale structures because equation (Al) requires that

PM = Pp (A10)

which is contrary to equation (A9) except at full-scale. Therefore, 1if
temperature similarity is maintained, the local aerodynsamic loads on the
scale model will not be of the same relative magnitude as those in the
full-scale structure.

Equation (Al) also shows that the strains due to a distributed
inertia load are not properly similated on & geometrically scaled model
of the same materiasl as the full-scale structure. The results of the
tests described in this paper can therefore be applied to other struc-
tures under only limited conditions. The temperature distributlons
measured in the model can be interpreted in terms of larger aircraft
flying at higher altitudes 1f the time scale is properly adjusted. The
effects of the aerodynamic loads and the dymamic charscteristics of the
model do not, however, follow the same similarity laws so that the com-
plete results of the tegts cannot be extrapclated in a simple manner.
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m

0

Symbols

speed of sound in air, ft/sec

specific heat of structural meterial, Btu/(1b)(°R)

modulus of elasticity of structural meteriasl, psi
boundary-leyer heat-transfer coefficient, Btu/(sq £t)(sec)(°R)
thermal conductivity of air, Biu/(£t)(sec)(CR)

thermal conductivity of structural material, Btu/(ft)(sec)(°R)
cheracteristic dlwmension of structure, £t or in.

characteristic dimension of model structure, £t or in.

characteristic dimension of full-scale structure, £t or in.

M
scale factor n = ——
[23

statlic pressure, 1b/sq £t or 1b/sq in.
time, sec

adisbatic wall temperature, CR
internal temperature of structure, CR
initial temperature of structure, OR

gtagnation temperature, ©OR
surface temperature of structure, OR

airspeed, ft/sec
speclific weight of structural material, lb/cu ft or Ib/cu in.
angle of attack, degrees or radlans

coefficient of linear thermal expansion of structural
material, in./(in.)(°R)
-
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I
w

mPF"‘;I'
o~

©
<
o~

pl< tl

strain in structure, in./in.
viscosity of air, slugs/ft-sec

density of air, slugs/cu ft

Fourier number

Biot number

Kusselt number

Reynolds number

Mach number

NACA RM L53E26a
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Figure 4.- Summary of model dimensions.
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Figure 5.~ Remains of model MW-2, in plsce at nozzle exlt, after test.
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Figure 6.- Distortion of model MW-L4 just prior to fallure (taken from
consecutive frames of motion picture).
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